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Atomistic simulations have been performed to investigate the effect of aliphatic
chain length in tetraalkylphosphonium cations on liquid morphologies, microscopic
ionic structures and dynamical properties of tetraalkylphosphonium chloride ionic
liquids. The liquid morphologies are characterized by sponge-like interpenetrat-
ing polar and apolar networks in ionic liquids consisting of tetraalkylphospho-
nium cations with short aliphatic chains. The lengthening aliphatic chains in
tetraalkylphosphonium cations leads to polar domains consisting of chloride anions
and central polar groups in cations being partially or totally segregated in ionic liquid
matrices due to a progressive expansion of apolar domains in between. Prominent
polarity alternation peaks and adjacency correlation peaks are observed at low and
high q range in total X-ray scattering structural functions, respectively, and their
peak positions gradually shift to lower q values with lengthening aliphatic chains in
tetraalkylphosphonium cations. The charge alternation peaks registered in interme-
diate q range exhibit complicated tendencies due to the complete cancellations of
peaks and anti-peaks in partial structural functions for ionic subcomponents. The
particular microstructures and liquid morphologies in tetraalkylphosphonium chlo-
ride ionic liquids intrinsically contribute to distinct dynamics characterized by trans-
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2lational diffusion coefficients, van Hove correlation functions, and non-Gaussian pa-
rameters for ionic species in heterogeneous ionic environment. Most tetraalkylphos-
phonium cations have higher translational mobilities than their partner anions due
to strong coordination of chloride anions with central polar groups in tetraalkylphos-
phonium cations through strong Coulombic and hydrogen bonding interactions. The
increase of aliphatic chain length in tetraalkylphosphonium cations leads to con-
comitant shift of van Hove correlation functions and non-Gaussian parameters to
larger radial distances and longer timescales, respectively, indicating the enhanced
translational dynamical heterogeneities of tetraalkylphosphonium cations and the
corresponding chloride anions.
I. INTRODUCTION
Room temperature ionic liquids (ILs) refer to a special category of molten salts entirely
composed of bulky asymmetric cations and weakly coordinating anions that exist in liq-
uid state at room temperature. In recent years, the intense research on ILs has received
significant attention in diverse academic and industrial communities due to ILs’ multi-
faceted physicochemical properties, such as non-flammability, negligible volatility, reasonable
viscosity-temperature feature, high thermal-oxidative stability, wide electrochemical win-
dow, as well as outstanding ability to dissolve polar and apolar compounds [1–9]. These fas-
cinating characteristics render them reliable alternatives to conventional molecular solvents
in industrial applications spanning from synthetic to catalytic chemistry [1, 4, 5, 7, 8, 10].
Additionally, their high liquid densities and short Debye screening lengths enable them to
effectively screen charged solid surfaces and therefore make them potential replacements of
conventional electrolytes in electrochemical energy devices [6, 11–13].
A fascinating feature of ILs is that their physicochemical properties, as well as microstruc-
tural organization, can be widely tuned in a controllable fashion through combinations of
different cation-anion ion pairs in a general way, and by mutating specific atoms in con-
stituent cations or anions [9, 14–17]. The X-ray [16–30] and neutron scattering [21, 31–35]
experiments, as well as molecular dynamics simulations [16, 17, 28, 36–43], have been ex-
tensively adopted to elucidate heterogeneous dynamics, microstructural ordering and liq-
uid morphologies of imidazolium and pyrrolidinium based IL systems on nanoscopic level.
3These experimental and computational investigations demonstrated an existence of intrigu-
ing nanoscopic structural organization in IL matrices. The liquid structural heterogeneity
spans over an order of a few nanometers, and is mainly derived from principle interac-
tions involving different molecular moieties in ILs, that is, Coulombic interactions between
charged groups, and dispersive interactions between apolar groups. Polar groups in imi-
dazolium and pyrrolidinium cations are strongly coordinated with anions, driving to the
formation of ionic polar domains from which aliphatic chains are solvophobically excluded,
and consequently clustered into apolar domains. The characteristic size of nanoscopic struc-
tural heterogeneities is found to linearly scale with aliphatic chain length in imidazolium and
pyrrolidinium cations, which thus provides a sensitive handle for tuning microstructures and
physicochemical properties of bulk ILs [18–21, 26, 34, 44, 45]. The particular liquid mor-
phologies of nanoscopic polar and apolar domains will significantly affect transport behavior
in viscosity, diffusion coefficient, and ionic conductivity of ionic species in heterogeneous IL
matrices [37, 40, 43, 46, 47].
The heterogeneous microstructures and liquid morphologies are even more distinct in
tetraalkylphosphonium based ILs as there are four aliphatic chains in tetraalkylphosphonium
cations and each one can be tuned with varied aliphatic substituents [48–51], and mutated
with different polar and apolar groups [14, 15]. Additionally, tetraalkylphosphonium cations
can be associated with various anions and molecular liquids [27, 50–57], leading to striking
ionic structures and distinct liquid morphologies in IL matrices. Gontrani et al. studied
a trihexyltetradecylphosphonium chloride ([P6,6,6,14]Cl) IL combining X-ray scattering tech-
nique and computer simulation, and alluded the existence of polar segregation at nanoscopic
level in IL matrix [58]. Castner and Margulis groups investigated liquid morphologies and
structural ordering properties in ILs consisting of [P6,6,6,14] cations coupled with different an-
ions [54, 59], as well as changes in microstructural landscapes upon heating and pressurizing
these ILs [57, 60, 61]. The liquid organizational morphologies of these [P6,6,6,14] based ILs
are dominated by three distinct landscapes at different length scales associated with short
range adjacency correlations, positive-negative charge alternations at intermediate range,
and long-ranged polarity ordering correlations. It is the [P6,6,6,14] cation that plays a funda-
mental role in structuring liquid landscapes of these ILs due to its amphiphilic feature and
bulky molecular size.
Since aliphatic chain length is a sensitive handle to microstructural ionic environment,
4FIG. 1: Schematic molecular structure of a [Pn,n,n,m] cation in coordination with a chloride anion
through hydrogen bonding interactions.
many aspects like how does liquid morphology change in tetraalkylphosphonium based ILs
with different aliphatic substituents in cations, and subsequent influence on dynamical prop-
erties of ionic species in local ionic environment, are still unclear. In present work, we
performed extensive atomistic simulations to elucidate the effect of linear aliphatic sub-
stituents in tetraalkylphosphonium cations on liquid landscapes, microscopic ionic struc-
tures and dynamical properties of ionic species in IL matrices. Six tetraalkylphosphonium
cations are considered in present work including triethylbutylphosphonium ([P2,2,2,4]), tetra-
butylphosphonium ([P4,4,4,4]), tributyloctylphosphonium ([P4,4,4,8]), tributyltetradecylphos-
phonium ([P4,4,4,14]), tetrahexylphosphonium ([P6,6,6,6]), and [P6,6,6,14]. These tetraalkylphos-
phonium cations are coupled with a monoatomic chloride anion, making it possible to focus
on microstructural changes originated from cationic structures without complications intro-
duced by a complex anion.
II. IONIC MODELS AND SIMULATION METHODOLOGY
Molecular structures and representative atom types in tetraalkylphosphonium cation and
chloride anion are presented in Fig. 1. Atomistic force field parameters for six tetraalkylphos-
5TABLE I: Simulation system compositions, translational diffusion coefficients (in 10−12 m2/s),
and peak magnitudes/positions (in ps) of non-Gaussian parameters for cations and anions in six
tetraalkylphosphonium chloride ionic liquids at 323 K.
System compositions Diffusion coefficients Non-Gaussian parameters
ILs No. of ion pairs Total atoms Cations Anions Cations Anions
[P2,2,2,4]Cl 729 26244 10.96 17.34 0.3589/652.1 0.2272/342.5
[P4,4,4,4]Cl 484 26136 2.36 2.04 0.3912/805.8 0.2421/562.4
[P4,4,4,8]Cl 400 26400 3.05 2.51 0.4031/1043.8 0.2584/1200.2
[P4,4,4,14]Cl 310 26040 3.82 3.19 0.4293/1585.4 0.2847/1828.0
[P6,6,6,6]Cl 334 26052 3.39 2.22 0.4489/2352.2 0.2706/2638.4
[P6,6,6,14]Cl 256 26112 3.14 1.45 0.5135/2535.6 0.3554/3698.4
phonium chloride ionic liquids are taken from a systematically developed force field in previ-
ous works based on AMBER framework [49, 62]. The cross interaction parameters between
different atom types are obtained from Lorentz-Berthelot combination rules. In present
atomistic simulations, each simulation system consists of varied number of tetraalkylphos-
phonium chloride ion pairs with the total atoms of approximately 26000. The detailed
simulation system compositions are listed in Table I.
Atomistic molecular dynamics simulations were performed using GROMACS 5.0.4 pack-
age [63] with cubic periodic boundary conditions. The equations of motion were integrated
using leap-frog integration algorithm with a time step of 1.0 fs. A cutoff radius of 1.6 nm
was set for short range van der Waals interactions and real space electrostatic interactions.
The Particle-Mesh Ewald summation method with an interpolation order of 5 and a Fourier
grid spacing of 0.12 nm was employed to handle long range electrostatic interactions in
reciprocal space. All tetraalkylphosphonium chloride IL simulation systems were first ener-
getically minimized using a steepest descent algorithm, and thereafter annealed gradually
from 800 K to 323 K within 20 ns. The annealed simulation systems were equilibrated in
NPT (isothermal-isobaric) ensemble for 60 ns maintained using Nose´-Hoover chain ther-
mostat and Parrinello-Rahman barostat with time coupling constants of 500 fs and 200 fs,
respectively, to control temperature at 323 K and pressure at 1 atm. Atomistic simulations
were further performed in NPT ensemble for 80 ns for all tetraalkylphosphonium chloride
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FIG. 2: Liquid densities of bulk tetraalkylphosphonium chloride ionic liquids at different tempera-
tures obtained from atomistic simulations (solid symbols). The experimental data (open symbols)
for [P4,4,4,8]Cl and [P6,6,6,14]Cl ILs are derived from Refs. [64] and [65], respectively, for comparison.
ILs, and simulation trajectories were recorded at an interval of 100 fs for further structural
and dynamical analyses.
III. RESULTS AND DISCUSSION
A. Liquid density
Liquid densities of six tetraalkylphosphonium chloride ILs calculated from atomistic sim-
ulations at different temperatures ranging from 293 to 373 K are shown in Fig. 2. The
experimental density data of [P4,4,4,8]Cl and [P6,6,6,14]Cl ILs taken from Refs. [64] and [65],
respectively, are also provided in Fig. 2 for comparative propose. The liquid densities of six
ILs decrease with increasing number of carbon atoms in tetraalkylphosphonium cations at
specific temperatures. Additionally, both experimental data and simulation results exhibit
linear variations as temperature changes within the range of 293-393 K. The agreement
between experimental data and simulation results is remarkably good over entire tempera-
7ture range with a maximum deviation of approximately 0.8% and 1.2% for [P4,4,4,8]Cl and
[P6,6,6,14]Cl ILs, respectively. It should be noted that such a small deviation in liquid densities
of neat ILs does not show any impact on microstructural and dynamical characterizations
as specified in previous publications [16, 44].
B. Structural function
To appreciate the overall effect of aliphatic chain length in tetraalkylphosphonium cations
on microstructural ordering characteristics in ILs, the total X-ray scattering static structural
function, S(q), is calculated using the total sum of atom type based partial components as
S(q) =
∑n
i=1
∑n
j=1 Sij(q). The Sij(q) is the partial structural function between atoms types
i and j and is given by
Sij(q) =
ρ0xixjfi(q)fj(q)
∫ L/2
0
4pir2[gij(r)− 1] sin(qr)qr W (r)dr
[
∑n
i=1 xifi(q)]
2
.
Herein, gij(r) is the partial radial distribution function between atom types i and j, including
intra- and intermolecular pairs. xi and xj are the mole fractions of atoms types i and
j, and fi(q) and fj(q) are the corresponding X-ray atomic form factors [66], respectively.
ρ0 =
Natom
<L3>
refers to the average atom number density of simulation system and L is the
simulation box length. W (r) is a Lorch window function defined as W (r) = sin(2pir/L)
2pir/L
,
which is used to minimize the effect of finite truncation of r in the calculation of gij(r).
Different decomposition scheme of total structural function is advantageous in order to better
comprehend the physical origin of striking intermolecular features in S(q) plot. In practice,
the total structural function S(q) can be partitioned into either atomic pair contributions,
cationic and anionic subcomponents, or polar and apolar subcomponents, as well as their
cross correlations. The detailed partitioning schemes are systematically described in previous
publications and references therein [17, 28, 52, 60, 61].
The total X-ray scattering static structural functions, S(q), for six tetraalkylphospho-
nium chloride ILs calculated from present atomistic simulations are shown in Fig. 3. Two
prominent peaks located at 4.8 nm−1 and 13.9 nm−1 are shown in total structural function
for [P6,6,6,14]Cl IL. These two peak positions are quite consistent with the experimental data
positioned at 4.3 nm−1 and 13.8 nm−1, respectively [58]. Such a two-peak-plot is a general
feature for [P6,6,6,14] based ILs, and is mainly attributed to close packed ionic structures in
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FIG. 3: Simulated total structural functions S(q) in the range of q ≤ 25.0 nm−1 for six
tetraalkylphosphonium chloride ionic liquids at 323 K. For clarity, these total structural func-
tions are vertically shifted by 2 units based on previous curves for comparative propose. The inset
graph depicts the detailed overall structural functions S(q) in the range of 0 < q < 100 nm−1.
The peak symbols in low, intermediate and high q values correspond to polar-apolar alternations,
positive-negative charge alternations, and close contact adjacency correlations, respectively.
local environment [54, 57]. The total structural functions for the other five tetraalkylphos-
phonium chloride ILs generally display three peaks, even the ones located in intermediate
q range are not so distinct in some curves. With some variations across structural function
plots for six tetraalkylphosphonium chloride ILs, these peak positions are essential charac-
teristic hallmark of their microstructural landscapes, indicating particular microscopic ionic
ordering phenomena at different length scales in IL matrices [30, 42, 44, 45, 67].
The most relevant region in total structural function plots is q ≤ 25.0 nm−1, which
is associated with intermolecular correlations between tetraalkylphosphonium cations and
the corresponding chloride anions. Features at q values larger than 25 nm−1 are mostly
intramolecular in nature, which are fairly easy to assign and thus are not the subject of
9FIG. 4: Representative liquid morphologies of six tetraalkylphosphonium chloride ionic liquids
at 323 K. (A) [P2,2,2,4]Cl; (B) [P4,4,4,4]Cl; (C) [P4,4,4,8]Cl; (D) [P4,4,4,14]Cl; (E) [P6,6,6,6]Cl; and
(F) [P6,6,6,14]Cl. Polar domains (red) consist of chloride anions and central P(CH2)4 groups in
tetraalkylphosphonium cations, and apolar entity (cyan) is composed of the remaining alkyl groups
in tetraalkylphosphonium cations, respectively.
this work. The lowest q-peak known as prepeak or First Sharp Diffraction Peak (FSDP),
generally occurs around q = 5 nm−1, and is an indicative of mesoscopic organization char-
acterized by long range polarity ordering (or polar-apolar density alternation) in IL matri-
ces [30, 44, 52, 60, 61, 67]. The FSDPs in total structural functions for [P2,2,2,4]Cl and
[P4,4,4,4]Cl ILs appear at lower peak values as compared with the counterparts for the
other four tetraalkylphosphonium chloride ILs, which are tightly correlated with polar do-
mains encompassing chloride anions and central polar P(CH2)4 groups in tetraalkylphospho-
nium cations and apolar domains occupied by remaining alkyl groups in aliphatic chains in
tetraalkylphosphonium cations. In [P2,2,2,4]Cl and [P4,4,4,4]Cl ILs, polar and apolar domain
sizes are comparable, and bulk liquid landscapes are characterized by sponge-like or gyroid
morphologies with interpenetrating polar and apolar networks, as shown in panels A and B
in Fig. 4. The increase of aliphatic chain length in tetraalkylphosphonium cations leads to
an expansion of apolar network in IL matrices. In the meantime, the polar network tends to
10
persist but has to accommodate the growing apolar network by loosing part of its connectiv-
ity, leading to the segregated distributions of polar domains within apolar framework. Such
a microstructural change in IL matrices contributes to the FSDPs shift from 5.6 nm−1 for
[P4,4,4,8]Cl to 4.8 nm
−1 for [P6,6,6,14]Cl ILs. Representative liquid morphologies color coded
on polar (red) and apolar (cyan) domains for all six tetraalkylphosphonium chloride ILs are
shown in Fig. 4.
The peak at higher q values near 15 nm−1 is associated with short range adjacency
correlations originated from nearest neighbouring interactions between ionic species [29,
44, 52, 54, 58, 61, 67, 68]. It becomes apparent from our upcoming analysis that this
peak mainly originates from apolar adjacency correlations in tetraalkylphosphonium cations.
As expected, significant shifts in peak positions for adjacency correlations toward lower
q values (corresponding to larger distances in real space) are observed with lengthening
aliphatic chains in tetraalkylphosphonium cations due to the accompanying expansion of
apolar network in liquid morphologies as shown in Fig. 4.
Between the polarity alternation peaks at low q range and the adjacency correlation peaks
at high q values, there are peaks at intermediate q range around 10 nm−1, which correspond
to the positive-negative charge alternations in IL matrices. This charge ordering behavior is
the need to maintain a lattice-like arrangement of cations and anions to minimize Coulombic
energy of ionic liquids, and thus is associated with the length scale between ions of the same
charge separated by ions of opposite charge [8, 20, 44, 59, 69]. In fact for some ILs, the
charge alternation peak is presented only as a weak shoulder, as shown in total structural
function plots for [P4,4,4,8]Cl, [P4,4,4,14]Cl, and [P6,6,6,6]Cl ILs in Fig. 3. It is noteworthy
that this observation is not because of the missing of charge alternations in these ILs, but
instead because of the almost complete cancellations of peaks and anti-peaks that offset this
important ordering phenomena at intermediate length scale. The effect of aliphatic chain
length in tetraalkylphosphonium cations on relative positions of charge alternation peaks is
complicated, and can be attributed to a gradual transition of polar network from isotropic
sponge-like arrangement (panels A and B in Fig. 4) to partially or totally segregated domains
(panels C-F in Fig. 4) in apolar framework. This microstructural change in IL matrices has
an impact on the number of counterions present in the solvation shells of a given ion, and an
even bigger effect on the distributions of (same-charge) ions nearby, and thus contributes to
complex tendencies of changes in charge alternation peak positions in intermediate q values.
11
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FIG. 5: Total structural functions S(q) partitioned into polar-polar, polar-apolar/apolar-polar and
apolar-apolar subcomponents for six tetraalkylphosphonium chloride ionic liquids at 323 K.
It is shown in previous works that the total structural functions S(q) can be partitioned
in many different ways depending on intended structural properties [16, 28, 29, 42, 44, 57,
60, 67]. These partitions can be considered as additive projections of the total structural
function S(q) onto different subsets of atomic reciprocal space correlations that are chosen to
conveniently highlight striking structural properties of ILs. In following discussion, we math-
ematically decompose the total structural function into varied subcomponent contributions
to address polarity and charge alternations in IL matrices.
Fig. 5 presents the partial structural functions for polar-polar, apolar-apolar, and cross
term (polar-apolar/apolar-polar) subcomponents at q < 25 nm−1, as well as the total struc-
tural functions S(q) for six tetraalkylphosphonium chloride ILs. Herein we focus on the
FSDP region colored by magenta, where the polar/apolar partitioning scheme holds spe-
cial significance. A prominent prepeak is observed at q = 2.8 nm−1 in total structural
function plots for [P2,2,2,4]Cl and [P4,4,4,4]Cl ILs, in which the apolar-apolar subcompo-
nent has marginal contribution, and the partial structural functions for polar-polar and
polar-apolar/apolar-polar subcomponents are out of sync, respectively. The onset of FS-
DPs is shifted to q = 5 nm−1 in total structural function curves for [P4,4,4,8]Cl, [P4,4,4,14]Cl,
[P6,6,6,6]Cl, and [P6,6,6,14]Cl ILs. In these four tetraalkylphosphonium chloride ILs, the polar-
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polar and apolar-apolar subcomponents contribute to positive intensities, and the cross term
exhibits anti-prepeaks at same q values, respectively, indicating a strong polarity ordering
in IL matrices. It is known that the position of FSDPs is associated with typical inverse
characteristic distance for polarity alternation (d = 2pi/q, where d is the polarity alternation
distance in real space) [16, 29, 42, 44, 57]. The shift of FSDP positions towards lower q
values in total structural functions with lengthening aliphatic chains in tetraalkylphospho-
nium cations indicates that the polarity ordering behavior occurs at longer characteristic
distance due to the breakdown of polar network into segregated domains localized within
apolar framework. This explanation is clearly endorsed by typical liquid morphologies of six
tetraalkylphosphonium chloride ILs in Fig. 4.
At higher q values around 15 nm−1 colored by cyan, the polar and apolar components
have different contributions to adjacency correlation peaks in total structural function plots
depending on aliphatic chain length in tetraalkylphosphonium cations. For tetraalkylphos-
phonium cations with short aliphatic chains, i.e., [P2,2,2,4] and [P4,4,4,4], both self and cross
subcomponents have obvious contributions to total structural functions S(q). The length-
ening aliphatic chains in tetraalkylphosphonium cations leads to an increased contribution
for apolar-apolar subcomponent, and a decreased contribution in polar-polar and polar-
apolar/apolar-polar subcomponents, respectively. Additionally, the difference between the
partial structural function for apolar-apolar subcomponent and the total S(q) gradually de-
creases from [P4,4,4,8]Cl to [P6,6,6,14]Cl ILs, owing to the strong interference of hydrophobic
alkyl groups between segregated polar domains in IL matrices.
Fig. 6 presents ionic partitioning of total structural factors S(q) for six tetraalkylphospho-
nium chloride ILs at intermediate q range. The cation-anion/anion-cation subcomponent
is always oppositely correlated with cation-cation and anion-anion subcomponents in all
six tetraalkylphosphonium chloride ILs, which is a marker of the presence of charge or-
dering or charge alternation behavior in IL matrices. The total structural functions for
[P2,2,2,4]Cl and [P4,4,4,4]Cl ILs exhibit clear and prominent peaks at q = 7.8 nm
−1, but have
different subcomponent contributions. In [P2,2,2,4]Cl IL, the cation-cation subcomponent
exhibits negative contribution, and the cation-anion/anion-cation subcomponent present
positive contribution to the total structural function S(q). However, an opposite effect is
observed in partial structural functions for [P4,4,4,4]Cl IL, in which the cation-cation and
anion-anion subcomponents are characterized by peaks, and the cross term is featured with
13
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FIG. 6: Total structural functions S(q) partitioned into cation-cation, cation-anion/anion-cation
and anion-anion subcomponents for six tetraalkylphosphonium chloride ionic liquids at 323 K.
anti-peak, respectively. Additionally, it is interesting to observe that the cation-cation and
anion-anion subcomponents make strong positive contributions at q = 10.7 nm−1 to total
structural function for [P2,2,2,4]Cl IL. However, these positive contributions are ultimately
offseted by anti-correlations between cations and anions at the same q value. With the
increase of aliphatic chain length in tetraalkylphosphonium cations, it is shown that the
peaks in partial structural functions for cation-cation and anion-anion subcomponents and
the anti-peak in partial structural functions for cation-anion/anion-cation term have dif-
ferent phase and periodicity. The mathematical additives of these peaks and anti-peaks
lead to the descriptive nature of ionic partitioning signature being flatten, and finally di-
minished in total structural functions for [P4,4,4,8]Cl, [P4,4,4,14]Cl, [P6,6,6,6]Cl, and [P6,6,6,14]Cl
ILs. Independent of tetraalkylphosphonium chloride ILs studied in present work, the charge
alternation peaks always appear as a result of cancellation of prominent positive contribu-
tions from same charge subcomponents and distinct negative-going peaks from cross term
contributions. This observation indicates that at specific locations where one expects to find
a same-charge ion there is a systematic absence of ions having opposite charge, which is a
generic feature for most ILs [16, 57, 59, 67].
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FIG. 7: Atomic partial structural functions and radial distribution functions of P-P (A and D),
Cl-Cl (B and E) and P-Cl (C and F) pairs in six tetraalkylphosphonium chloride ionic liquids at
323 K.
C. Radial distribution function
To look further into the real space correlations between tetraalkylphosphonium cations
and chloride anions, we calculate the site-site radial distribution functions (RDFs) between
chloride anions and the central phosphorous (P) atoms in tetraalkylphosphonium cations.
The P-P, P-Cl and Cl-Cl pair RDFs, and the corresponding partial structural functions,
are shown in Fig. 7. For [P2,2,2,4]Cl IL, both P-P and Cl-Cl RDFs exhibit different forms
to their counterparts for the other five ILs, due to the intrinsic liquid morphologies and
microscopic ionic structures in [P2,2,2,4]Cl IL matrix. The lengthening aliphatic chains in
tetraalkylphosphonium cations leads to a shift of the principal peaks in these two PDF plots
to short radial distances. These microstructural changes between chloride anions and central
phosphorous atoms in tetraalkylphosphonium cations in polar domains are qualitatively
manifested in corresponding partial structural functions.
The P-Cl RDFs shown in Fig. 7F present negligible changes in the first peak positions
around 0.40 nm, indicating that the spherical chloride anions display qualitatively similar
distributions around tetraalkylphosphonium cations in all six IL simulation systems. How-
ever, an enhanced short range correlation is observed in P-Cl RDF plots with lengthening
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aliphatic chains in tetraalkylphosphonium cations, which is intrinsically related with liquid
morphologies and microstructural changes in IL matrices. As discussed in previous subsec-
tions, the liquid morphologies are gradually transitioned from sponge-like interpenetrating
polar and apolar networks for [P2,2,2,4]Cl IL to totally segregated polar domains within ap-
olar framework for [P6,6,6,14]Cl IL. During such a liquid morphology transition, P and Cl
atoms are decisively coordinated in the first solvation shell in polar domains through strong
Coulumbic interactions. However, the intermolecular interactions between P and Cl atoms
beyond the first solvation shell are partially or totally screened due to spatial segregation
of polar domains within apolar framework. These two factors eventually promote the en-
hanced solvation of chloride anions around central polar groups in tetraalkylphosphonium
cations. Such a particular ionic environment between close contacted P and Cl atoms are
qualitatively reflected in distinctive peaks around 4.9 nm−1 and 19.2 nm−1, and anti-peaks
at 11.1 nm−1, respectively, in partial structural functions for P-Cl pair in Fig. 7C.
Pair correlation functions between terminal carbon atoms of aliphatic chains in
tetraalkylphosphonium cations exhibit imperceptible changes in peak heights and peak posi-
tions (data not shown). This observation indicates that molecular size of tetraalkylphospho-
nium cations has little influence on hydrophobic interactions and local structures of terminal
carbon atoms of aliphatic chains in tetraalkylphosphonium cations. Terminal carbon atoms
are isotropically distributed and exhibit mean coordination with neighboring hydrophobic
alkyl groups within apolar domains.
Hydrogen bonding is an important feature in ILs as it incorporates many distinct char-
acteristics in their microstructural landscapes and dynamics. For tetraalkylphosphonium
based ILs, there is only one type of hydrogen bond linkage between tetraalkylphosphonium
cations and the coupled chloride anions, as verified utilizing geometric criterion based on
distance and angular constraints in previous work [48, 49, 62]. In present work, the inter-
molecular RDFs and partial structural functions between HP (as labelled in Fig. 1) and Cl
atoms in six tetraalkylphosphonium chloride ILs are shown in Fig. 8. Similar microstructural
feature is observed in HP-Cl RDF plots as that for P-Cl pair RDFs. This is expected as P
and HP atoms are indirectly correlated through the P-C-HP angle in tetraalkylphosphonium
cations. The chloride anions are always coordinated with central polar P(CH2)4 groups due
to attractive Coulombic forces in P-Cl pair and specific hydrogen bonding interactions be-
tween HP and Cl atoms. The synergistic effect of these intermolecular interactions promotes
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FIG. 8: Atomic partial structural functions and radial distribution functions of HP-Cl pair in six
tetraalkylphosphonium chloride ionic liquids at 323 K.
a constrained spatial distribution of chloride anions in tetrahedral regions formed by four
aliphatic chains in tetraalkylphosphonium cations.
D. Translational dynamics
Quantitative characterization of translational dynamics of tetraalkylphosphonium cations
and chloride anions is quantified in terms of mean square displacement (MSD), which is
expressed as:
MSD(t) =
1
N
N∑
i=1
〈
[ri(t)− ri(0)]2
〉
, (1)
where N is the number of ion type i in simulation box, and ri(t) is the center-of-mass
(COM) coordinate of ion i at a given time t. The angular bracket 〈〉 represents an ensem-
ble average over multiple time origins and all same type ions in simulation box to improve
statistical precision. The time variations of MSDs in diffusive regime obtained from NPT
simulations at 323 K are shown in Fig. 9 for chloride anions and COMs of tetraalkylphos-
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FIG. 9: Mean square displacements of chloride anions and representative atoms in tetraalkylphos-
phonium cations including central phosphorous atoms, terminal carbon atoms in short and long
aliphatic chains, and centers-of-mass of cations in six tetraalkylphosphonium chloride ionic liquids
at 323 K.
phonium cations, as well as that for central P atoms and terminal carbon atoms of aliphatic
chains in tetraalkylphosphonium cations. Self diffusion coefficients of tetraalkylphospho-
nium cations and chloride anions are determined from MSD plots using Einstein relation,
D = 1
6
lim
t→∞
d
dt
(
MSD(t)
)
, and are listed in Table I. The magnitude of diffusion coefficients for
tetraalkylphosphonium cations and chloride anions at 323 K is 10−12 m2/s, which is a com-
mon order for translational diffusion of ionic species at similar temperature range [62, 70, 71].
The terminal carbon atoms in long aliphatic chains in tetraalkylphosphonium cations ex-
hibit faster diffusion than that for their counterpart in short aliphatic chains, as shown in
panels A, C, D, and F in Fig. 9. The four aliphatic chains in [P4,4,4,4] and [P6,6,6,6] cations
are characterized with same length and the four terminal carbon atoms in aliphatic chains
have almost the same MSD curves (data not shown), and thus their average MSD data are
present in panels B and E in Fig. 9. For tetraalkylphosphonium chloride ILs with an excep-
tion of [P2,2,2,4]Cl, the translational diffusions of specific groups follow an order of terminal
Clong chains > terminal Ctotal > terminal Cshort chains > tetraalkylphosphonium cations > P
atoms in tetraalkylphosphonium cations. It is the fast diffusion of terminal carbon atoms in
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aliphatic chains and the relative slow mobility of central P atoms that lead to the medium
self diffusivity of the whole tetraalkylphosphonium cations.
It is shown in Fig. 9 that the translational diffusion of tetraalkylphosphonium cations
is concerted with that of the corresponding chloride anions, as indicated by comparable
MSD plots for [P4,4,4,4]Cl, [P4,4,4,8]Cl, and [P4,4,4,14]Cl ILs and the overlap of MSD curves
for [P6,6,6,6]Cl and [P6,6,6,14]Cl ILs, respectively. This is striking as tetraalkylphosphonium
cations are quite bulky and voluminous than simple chloride anions. Compared with imida-
zolium cations which have preferential translational diffusion along the imidazolium plane,
the four aliphatic chains in tetraalkylphosphonium cations are characterized with distinct
group sizes. In [P4,4,4,14] and [P6,6,6,14] cations, the tetradecyl chain is longer than the other
three linear substituents, but this structural discrepancy does not lead to preferential trans-
lational motion of the whole cation along the tetradecyl chain direction. This observation
can be intrinsically attributed to constrained microstructural coordination of chloride anions
with central polar P(CH2)4 groups in tetraalkylphosphonium cations in heterogeneous IL
matrices. The spatial constraint distributions of tetraalkylphosphonium cations and chlo-
ride anions in IL matrices have threefold structural features. First is the microstructural
constraint induced by strong electrostatic and preferential hydrogen bonding interactions.
Tetraalkylphosphonium cations, especially the central polar P(CH2)4 groups, are constrained
by surround chloride anions through attractive electrostatic interactions between P and Cl
atoms, and through multiple directional hydrogen bonding interactions between HP and Cl
atoms. Next is the steric constraint originated from aliphatic chains in tetraalkylphospho-
nium cations. The chloride anions, on the one hand, are constrained by P and HP atoms
due to preferential intermolecular interactions, and on the other hand, their rear parts are
wrapped by methyl groups in aliphatic chains, leading to their steric constraint in small
cavities in tetrahedral regions of tetraalkylphosphonium cations. The last one is the domain
constraint due to relative distribution of polar and apolar domains in IL matrices. The
microstructural landscapes of polar domains are characterised by sponge-like interpenetrat-
ing networks in ILs consisting of small tetraalkylphosphonium cations, like [P2,2,2,4], and by
partially connected morphologies in IL matrices consisting of intermediate tetraalkylphos-
phonium cations, like [P4,4,4,4], [P4,4,4,8] and [P4,4,4,14], and eventually transitioned to segre-
gated distributions in apolar framework consisting of methyl groups in [P6,6,6,6] and [P6,6,6,6]
cations, respectively. Such a trifold effect leads to distinct translational diffusivity of repre-
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sentative atoms in tetraalkylphosphonium cations and chloride anions in heterogeneous ionic
environment. In [P2,2,2,4]Cl IL, the microstructural constraint works but not for the other
two constraints, and thus the self diffusivity of chloride anions are higher than any part of,
and even the whole [P2,2,2,4] cations. In [P4,4,4,4]Cl, [P4,4,4,8]Cl and [P4,4,4,14]Cl ILs, the coop-
erative effect of microstructural and steric constricts leads to the comparable translational
mobilities of P and Cl atoms. But the butyl chains in these three tetraalkylphosphonium
cations are not long enough to sterically constrain chloride anions within their local tetra-
hedral regions, resulting in the self diffusivity of chloride anions being always 10% higher
than that for P atoms in corresponding IL matrices. In [P6,6,6,6]Cl and [P6,6,6,6]Cl ILs, the
synergistic effect of trifold constraints contributes to the overlap of MSD plots for P and Cl
atoms, indicating that the hexane chains can spatially and dynamically constrain chloride
anions within their local cavities in an effective procedure.
It is interesting to notice that the translational mobility of terminal carbon atoms, either
in long or in short aliphatic chains, and their total diffusion increase with tetraalkylphospho-
nium cationic molecular sizes, as clearly shown in panels B-F in Fig. 9. This observation in-
dicates that apolar network moves faster with lengthening aliphatic chains in tetraalkylphos-
phonium cations. However, the diffusion of polar domains, mainly the mobilities of P and
Cl atoms, presents complicated tendencies. The translational diffusion coefficients for P
and Cl atoms first increase with lengthening aliphatic chains from [P4,4,4,4]Cl, [P4,4,4,8]Cl to
[P4,4,4,14]Cl ILs, but then decrease for [P6,6,6,6]Cl and [P6,6,6,14]Cl ILs. The striking dynam-
ics of polar and apolar domains are essentially related with the gradual addition of methyl
groups in tetraalkylphosphonium cations. On the one hand, the addition of a methyl (-
CH2-) unit to tetraalkylphosphonium cations weakens the electrostatic attractions between
tetraalkylphosphonium cations and chloride anions, leading to the enhanced mobilities of P
and Cl atoms, as well as that for terminal carbon atoms in aliphatic chains and the whole
tetraalkylphosphonium cations as shown in panels B-D in Fig. 9. However, on the other
hand, the addition of methyl units to tetraalkylphosphonium cations enhances the van der
Waals interactions by means of aliphatic chain-ion inductive forces and hydrophobic interac-
tions between methyl groups. This will increase the self diffusivity of terminal carbon atoms
in aliphatic chains, which, however, will in turn compress the translational dynamics of polar
domains due to their segregated distributions in apolar framework, as shown in panels E-F
in Fig. 9. In present work, it is the delicate interplay of Coulombic interactions between
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FIG. 10: Self part of van Hove correlation functions Gs(r, t) for tetraalkylphosphonium cations and
chloride anions at seven different times at 323 K. The functions for chloride anions are horizontally
shifted by 1 nm for clarity and comparative propose.
chloride anions and central polar groups in tetraalkylphosphonium cations and dispersion
interactions among remaining alkyl units in tetraalkylphosphonium cations that results in
the striking translational dynamics of ionic groups in IL matrices.
E. Dynamical heterogeneity
Atomistic simulation results in previous subsections indicate that translational dynam-
ics of tetraalkylphosphonium cations and chloride anions are heterogeneous depending on
aliphatic chain length in tetraalkylphosphonium cations. Since MSD plots give typical aver-
age distance that a tagged ionic group moves within a time t, it is of interest to investigate
the distribution of its displacement, which can be quantified by computing time dependent
self part of van Hove correlation function Gs(r, t) as [40, 71–73]:
Gs(r, t) =
1
N
N∑
i=1
〈δ[r + ri(t)− ri(0)]〉 .
Fig. 10 presents the self part of van Hove correlation functions for tetraalkylphosphonium
cations and corresponding chloride anions at seven different times at 323 K. All these van
Hove correlation functions have a single peak and its peak position moves quickly to longer
distance as time increases. The van Hove correlation functions at very short times are
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characterized by Gaussian type distributions indicating a ballistic motion of ionic species
in local environment, but significant deviations from standard Gaussian form are obvious
at intermediate times. This observation indicates that most ionic groups are temporarily
trapped within a cage formed by surrounding counterions, and exhibit slower translational
diffusion than that expected from the Fick’s law. The deviation of van Hove correlations
functions from Gaussian type distribution, i.e., at 1000 ps, suggests that the trapped ionic
groups have not yet left the initial cage formed by their surrounding counterions at time
t = 0 ps. In each tetraalkylphosphonium chloride IL with an exception of [P2,2,2,4]Cl IL,
the van Hove correlation functions for tetraalkylphosphonium cations are characterized with
broad distributions at larger radial distances than the corresponding chloride anions at the
same time interval, indicating that cations have larger translational mobilities than chloride
anions as clearly verified in MSD plots in Fig. 9.
Only after sufficient long time can these trapped ionic groups escape their cages, and
the corresponding simulation systems reach diffusive regime, in which the self diffusivities
of ionic groups are characterized by MSD ∝ ∆t as shown in Fig. 9. Additionally, these
van Hove correlation functions exhibit long tails due to some ions diffusing faster than
mainstream diffusion in IL matrices, but no activated “hopping” process occurring at 323 K
in present atomistic simulations. This observation indicates that the translational diffusion
of tetraalkylphosphonium cations and chloride anions at 323 K is a continuous process
controlled by the time it takes to leave a trapped cage of its surrounding counterions without
entering another one due to the missing of secondary peaks in van Hove correlation functions
at large distance and long time scales [40, 71–74].
The deviation of translational mobilities of tetraalkylphosphonium cations and chloride
anions from Gaussian behavior is associated with dynamic heterogeneity and can be quan-
tified by non-Gaussian parameter defined as [71, 72, 75]:
α2(t) =
3〈r4(t)〉
5〈r2(t)〉2 − 1 ,
where r(t) is the displacement of an ionic group at time t with respect to its position at
time t = 0. Fig. 11 presents the non-Gaussian parameters α2(t) for tetraalkylphosphonium
cations and the corresponding chloride anions at 323 K. The non-Gaussian parameter depicts
a nonmonotonic time dependence with peak positions at different time scale. At short
times, non-Gaussian parameter is zero due to a free particle behavior of ionic groups in
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FIG. 11: Non-Gaussian parameters α2(t) for tetraalkylphosphonium cations (upper panel) and
chloride anions (lower panel) at 323 K.
their initial temporal regime. The non-Gaussian parameter increases with time and reaches
a maximum at intermediate time. This maximum corresponds to a timescale at which the
trapped ionic groups with fastest translational mobilities brake the cage of surrounding
counterions and enter diffusive regimes. The peak intensities and peak positions in non-
Gaussian parameter curves for tetraalkylphosphonium cations and chloride anions, as listed
in Table I, become stronger and shift to larger timescale with lengthening aliphatic chains
in tetraalkylphosphonium cations. This observation is attributed to strong microstructural
and dynamical heterogeneities of constrained tetraalkylphosphonium cations and chloride
anions in heterogeneous IL matrices. It is noteworthy that the peak intensities and peak
positions in non-Gaussian parameter plots for tetraalkylphosphonium cations are higher and
larger than that for their partner anions, indicating that tetraalkylphosphonium cations have
a higher degree of dynamical heterogeneity, which mainly comes from the almost uniform
23
distribution of chloride anions around tetraalkylphosphonium cations.
At times longer than peak timescales, non-Gaussian parameters will decay due to diffusive
motion of ionic species in IL matrices. It is expected that the non-Gaussian parameter α2(t)
should be recovered to zero for dynamically homogeneous system. However, such a process is
very slow for almost all IL systems due to the overall heterogeneous structures and dynamics
of ionic species. The decay of chloride anions is much faster than that for corresponding
tetraalkylphosphonium cations after peak timescales, as expected. We can infer from Fig. 11
that the non-Gaussian parameters for both tetraalkylphosphonium cations and chloride
anions in all six simulation systems are finite owing to the heterogeneous microstructures and
dynamics of ionic species in local ionic environment. Actually, the deviation of non-Gaussian
parameter α2(t) from zero is an indicative of extent and timescale of relaxation process of
ionic species with different reorientational rates in heterogeneous ionic matrices [71, 75].
IV. CONCLUDING REMARKS
Atomistic simulations have been performed to investigate the effect of aliphatic chain
length in tetraalkylphosphonium cations on liquid morphologies, microscopic ionic struc-
tures and dynamical properties of ionic species in tetraalkylphosphonium chloride ILs. De-
tailed analyses of total and partial structural functions and radial distribution functions
between specific atoms in tetraalkylphosphonium cations and chloride anions indicate that
bulk ILs are characterized by distinct microscopic ionic structures and heterogeneous liquid
morphologies depending on aliphatic chain length in tetraalkylphosphonium cations. For
ILs consisting of small tetraalkylphosphonium cations, like in [P2,2,2,4]Cl IL, microstructural
liquid morphologies are characterized by bicontinuous sponge-like interpenetrating polar and
apolar networks. The lengthening aliphatic chains in tetraalkylphosphonium cations leads
to the polar network being partially broken or totally segregated within apolar framework
so as to accommodate progressive expansion of apolar domains.
The liquid landscape variations and heterogeneous microstructural changes in six
tetraalkylphosphonium chloride ILs are qualitatively verified by prominent polarity alter-
nation peaks and adjacency correlation peaks observed at low and high q range in total
structural functions, respectively, and their peak positions gradually shift to lower q values
with lengthening aliphatic chains in tetraalkylphosphonium cations. The effect of aliphatic
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chain length in tetraalkylphosphonium cations on relative positions of charge alternation
peaks registered in intermediate q range is complicated because of the perfect cancellations
of positive contributions of same charge ions and negative contributions of ions of opposing
charge.
The particular liquid morphologies and heterogeneous microscopic ionic structures in
tetraalkylphosphonium chloride ILs are intrinsically manifested in dynamical properties
characterized by mean square displacements, translational mobilities, time dependent self
part of van Hove correlation functions, and non-Gaussian parameters of tetraalkylphospho-
nium cations and chloride anions in bulk liquid systems. The terminal carbon atoms in
aliphatic chains exhibit overall higher diffusivity than central P atoms in tetraalkylphos-
phonium cations, and their cooperative effect contributes to the medium diffusion coeffi-
cients of the whole tetraalkylphosphonium cations. The P and Cl atoms exhibit comparable
translational diffusivities due to their strong Coulombic coordination feature in polar do-
mains highlighting the existence of strongly correlated ionic structures in IL matrices. The
lengthening aliphatic chains in tetraalkylphosphonium cations leads to concomitant shift
of van Hove correlation functions and non-Gaussian parameters to larger radial distances
and longer timescales, respectively, indicating the enhanced translational dynamical hetero-
geneities of tetraalkylphosphonium cations, as well as that for corresponding chloride anions
in constrained local environment.
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